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Abstract. A short review of current upgrades of the PHOKHARA and EKHARA generators is presented to-
gether with a report on the work in progress. The upgrades are based on a newly constructed model of the
χci − γ
∗
− γ∗ and χci − J/ψ
∗
− γ∗ form factors. Within this model predictions were made for the electronic
widths of χc1 and χc2 and, based on the event generators results, cross sections e
+
e
−
→ χc1 (→ J/ψ(→ μ
+μ−)γ),
e
+
e
−
→ e
+
e
−χc1 and e
+
e
−
→ e
+
e
−χc1 (→ J/ψ(→ μ
+μ−)γ).
1 Introduction
The event generators PHOKHARA and EKHARA were
developed to help measurements of the e+e− → hadrons+
photons and e+e− → e+e− + hadrons cross sections. From
their first publications [1, 2] the groups developing the
codes put an effort to guarantee technical precision of the
simulations at the level of 0.01%. In the same time models
of hadron-photon interactions were developed and radia-
tive corrections calculated and implemented into the event
generator PHOKHARA to guarantee the physical accu-
racy at the level required by the experimental groups. Till
now the radiative corrections were not implemented into
the distributed version of the generator EKHARA, even if
they were calculated. Problems with the low efficiency of
the code for the processes e+e− → e+e−+hadrons+photons
where not yet solved even if the works towards the solution
are well advanced.
For the processes simulated by the event generator
PHOKHARA, the radiative corrections to the initial state
radiation (ISR) were calculated in [3] and implemented in
[1, 4]. The final state radiation (FSR) requires not only
calculation of the radiative corrections, but also modeling
of the hadron-photon interactions. This was studied only
for the most important hadronic final states: charged pion
and kaon pair production [5–8] and proton-anti-protonpair
production [9]. The latter mode was at first implemented
with ISR corrections only [10]. For other hadronic fi-
nal states: three- [11] and four- [12, 13] pion modes and
lambda pair production with their subsequent decays [14],
only ISR corrections are implemented.
The e+e− → μ+μ−γ reaction is a separate subject of
the studies as the final state does not involve hadrons. It
serves as one of the luminosity monitoring tools. For this
process the radiative corrections were gradually added [4,
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7] and finally the complete corrections were calculated and
implemented into the event generator in [15].
A special care was devoted to the treatment of nar-
row resonances [16], when modeling the radiative return
processes [8]. New physical and technical problems arise
in the vicinity of narrow resonances, which were solved
in the event generator implementations. Lately, in [17],
a possibility of simulation of the hadronic processes in a
scan mode was also added. In this mode only ISR correc-
tions are implemented with the exception of the proton-
anti-proton pair production, where the Coulomb factor
models approximately FSR corrections.
The first version of the EKHARA generator [2] was
developed for the background studies at KLOE for the
pion form factor measurements. Only later it was up-
graded for studies of the γ∗ − γ∗ processes starting with
the reaction e+e− → e+e−π0 [18] and adding subsequently
[19] better modeling of the π − γ∗ − γ∗ form factor and
possibility of the generation of the reactions e+e− →
e
+
e
−η(η′). In [19] also a new model of the η(η′) − γ∗ − γ∗
form factors was developed to give predictions in agree-
ment with experimental data.
In this proceedings we report on the latest progress
on the upgrades of both event generators EKHARA and
PHOKHARA. Results of the studies [20] on a direct pro-
duction of χc1 (1P) and and χc2 (1P) , J
++, J = 1, 2 charmo-
nia in electron-positron annihilation are reported in Sec-
tion 2. In Section 3 we report on the studies [21] on
the prospects of the detailed investigations of the χci , i =
0, 1, 2 properties at BELLE2, using measurements of the
reactions e+e− → e+e−χci and e
+
e
−
→ e
+
e
−χci (→ J/ψ(→
μ+μ−)γ). In Section 4 we give a short summary and sketch
the near future developments in both event generators.
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[20] [27] [26] [28]
Γ(χc1 → e
+
e
−) [eV] 0.43 0.046 0.367 0.1
Γ(χc2 → e
+
e
−) [eV] 4.25 0.037 0.137 -
2 PHOKHARA generator: direct χc1 and χc2
production in e+e− annihilation
The production of the quarkonium states with even charge
conjugation in e+e− annihilation is suppressed, as two pho-
ton exchange is necessary to produce them. Yet, with the
luminosity of the nowadays colliders, the loop induced
processes, leading to direct production of such states are
within experimental reach. This possibility was investi-
gated in detail in [20]. The best place to search for such
processes is the BES-III experiment even if in the orig-
inal proposal [22] this possibility was not investigated.
The reaction e+e− → χci(→ J/ψ(→ μ
+μ−)γ), i = 1, 2
is especially suited for such a measurement as the muons
and photon are well identified within the BES-III detec-
tor. The χc0 production rate is proportional to the elec-
tron mass and thus beyond reach of any near future exper-
iment. For any realistic prediction of the cross section a
model of the amplitudes χci → J/ψ
∗γ∗, χci → γ
∗γ∗ and
ψ(2S ) → χ∗ciγ
∗ is needed with parameters describing well
the observed decay widths Γ(χci → J/ψγ), Γ(χci → γγ)
and Γ(ψ(2S ) → χciγ). Several models were built to meet
this requirement [20, 23–28]. All of them are able to give
predictions for these widths in agreement with the exper-
imental data [29]. Yet, when using these models to pre-
dict the electronic widths of the χc1 and χc2 charmonia the
models give predictions, which vary within one order of
magnitude. The situation involving only recent papers is
summarised in Table 1. The reason for these differences
is clear: the predictions of the electronic widths involve
the calculation of loop integrals and thus the shape of the
form factors is very much important. While the widths,
discussed above, fix only couplings at some well defined
scales. It was shown also in [20] that the phases between
different contributions are crucial for the size of the pre-
dicted electronic widths. The phases come from QED
interactions and thus are almost fully predicted. More-
over the interferences give sizable contributions both to
the electronic widths and the cross sections.
The non-reducible background for the χc1 and χc2
production in the reactions e+e− → χci(→ J/ψ(→
μ+μ−)γ), i = 1, 2 is the J/ψ production in radiative return
with its subsequent decay to μ+μ−. This was discussed in
[20], where it was shown that within the model developed
there the main effect comes from the interference between
the background and signal diagrams. We show it in Fig. 1
for χc1 and in Fig. 2 for χc2 . We assume here a beam reso-
lution of 1 MeV for each beam and Gaussian distribution
of energies within a beam. For χc1 there is also visible, but
small, contribution coming from Z0 exchange. This result
ISR+QED signal+Z0
ISR+QED signal
ISR background
Mχc1 = 3.51066 GeV
20o < θγ < 160
o
20o < θμ
−
,μ+ < 160
o
√
s (GeV )
σ
(n
b
)
3.523.5183.5163.5143.5123.513.5083.5063.5043.502
0.0215
0.021
0.0205
0.02
0.0195
0.019
0.0185
0.018
0.0175
0.017
0.0165
0.016
Figure 1. The cross section e+e− → μ+μ−γ, see text for details.
ISR+QED signal
ISR background
Mχc2 = 3.55620 GeV
20o < θγ < 160
o
20o < θμ
−
,μ+ < 160
o
√
s (GeV )
σ
(n
b
)
3.583.5753.573.5653.563.5553.553.5453.543.535
0.03
0.028
0.026
0.024
0.022
0.02
0.018
0.016
0.014
0.012
0.01
Figure 2. The cross section e+e− → μ+μ−γ, see text for details.
is also model dependent. It can be tested experimentally
with a scan experiment with energies chosen around the
χc1 and χc2 masses.
The angular distributions of the muons are however
more affected in regions, where the interference is not
maximal. In Fig. 3 it is shown for χc1 and in Fig. 4 for χc2 .
The energy of the experiment in both cases was chosen to
be equal to the mass of the χci , (i = 1, 2) charmonium. In
principle the studies of angular distributions would allow
for detailed studies of the χci − J/ψ − γ amplitudes, but it
would require collection of a big sample of events. Within
the model used here [20] only one of the five allowed am-
plitudes gives contribution to the χc2 − J/ψ − γ amplitude
and only one specific combination of the allowed ampli-
tudes gives contribution to the χc1 − J/ψ − γ amplitude.
Thus the predictions shown here are again specific to one
of the models. Yet, one has to say that only in [20] the pro-
duction of the χc1 and χc2 states in e
+
e
− annihilation was
studied, while other groups gave only predictions for the
electronic widths. As the interference effects with the non-
reducible background are crucial for these studies, the pre-
dictions of the electronic widths are not sufficient for the
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Table 1. Predictions of the electronic widths of the χc1 and χc2
charmonia within recently published models.
ISR+QED signal+Z0
ISR+QED signal
ISR background
Mχc1 = 3.51066 GeV
20o < θγ < 160
o
20o < θμ
−
,μ+ < 160
o
cos θμ−
d
σ
d
c
o
s
θ
μ
−
(n
b
)
10.80.60.40.20−0.2−0.4−0.6−0.8−1
0.014
0.013
0.012
0.011
0.01
0.009
0.008
0.007
Figure 3. The differential (in μ− polar angle)cross section
e
+
e
−
→ μ+μ−γ, see text for details.
ISR+QED signal
ISR background
Mχc2 = 3.55620 GeV
20o < θγ < 160
o
20o < θμ
−
,μ+ < 160
o
cos θμ−
d
σ
d
c
o
s
θ
μ
−
(n
b
)
10.80.60.40.20−0.2−0.4−0.6−0.8−1
0.015
0.014
0.013
0.012
0.011
0.01
0.009
0.008
0.007
0.006
Figure 4. The differential (in μ− polar angle) cross section
e
+
e
−
→ μ+μ−γ, see text for details.
extraction of the model parameters from the experimental
data.
3 EKHARA generator: χci , i = 0, 1, 2
production in γ∗ − γ∗ processes
It is clear from the previous section that a measurement of
the χci −γ
∗
−γ∗ form factors is crucial to test the models in
detail. In [21] it was advocated that such measurement will
be possible at BELLE2 experiment [30]. Here we report
on this possibility showing also a complementary material
not presented in [21]. The process which was advocated to
be used is e+e− → e+e−χci (→ J/ψ(→ μ
+μ−)γ). Measure-
ment of the muons and photon four-momenta will allow
for a construction of the χci and J/ψ invariant masses and
thus for a clear identification of the final state. In the pre-
sented plots we assume that the invariant mass of the μ+μ−
pair is within ten J/ψ widths from the mass of the J/ψ
and the invariant mass of the μ+μ−γ particles is within ten
χci , (i = 0, 1, 2) widths from its mass. We show the dis-
tributions of the event rates in the laboratory frame of the
χc2
χc1
χc0
θe−(deg)
Nev
14012010080604020
10000
8000
6000
4000
2000
0
Figure 5. The differential (in e− polar angle) cross section
e
+
e
−
→ e
+
e
−
J/ψ(→ μ+μ−)γ, see text for details.
BELLE2 experiment assuming the asymmetric beams of 4
and 7 GeV with the half crossing angle of 41.5 mrad. We
assume also that the particles (μ+, μ−, photon and electron
or positron) can be detected and their four momenta mea-
sured if their polar angles are between 17◦ and 150◦ [31].
With the single tag events, when the final electron mo-
menta is also measured, it will allow to cover the range of
the χci−γ
∗
−γ∗ transition form factor up to about−25 GeV2
for one of the invariants [21]. This corresponds to the polar
angle distribution of the observed electron shown in Fig. 5.
The number of events corresponds there to the integrated
luminosity of 50 ab−1.
The accumulated luminosity of 50 ab−1 will allow also
for a measurement of the χci − γ
∗
− γ∗ transition form fac-
tors with both invariants substantially different from zero.
In these case one has to measure both four momenta of the
final electron and the final positron. The range of the γ∗
invariant masses which can be covered spans up to about
-10 GeV2 [21]. It corresponds to the polar angles distribu-
tion of the final electron and final positron shown in Fig. 6
for χc1 and in Fig. 7 for χc2 .
4 Conclusions and near future
developments
In [20] a model of the χci − γ
∗
− γ∗ and χci − J/ψ
∗
−
γ∗ (i = 1, 2) transition form factors was developed.
In [21] it was extended to cover also the case of χc0 .
It allowed [20] to predict the electronic widths of χc1
and χc2 and to show how to study the direct produc-
tion of these states at BES-III experiment. In [21] it
was shown that at BELLE2 experiment detailed stud-
ies of the χci − γ
∗
− γ∗ transition form factors will
be possible. The amplitudes predicted within the de-
veloped model were implemented into PHOKHARA9.2
(http://ific.uv.es/~rodrigo/phokhara/) and EKHARA2.2
(http://www.us.edu.pl/~ekhara) event generators. Hope-
fully the generators will serve well the experimental com-
munity, helping in performing the measurements dis-
cussed here.
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Figure 6. The differential (in e− and e+ polar angles) cross sec-
tion e+e− → e+e−χc1 (→ J/ψ(→ μ
+μ−)γ), see text for details.
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Figure 7. The differential (in e− and e+ polar angles) cross sec-
tion e+e− → e+e−χc2 (→ J/ψ(→ μ
+μ−)γ), see text for details.
The generators will be further extended in the near fu-
ture: in PHOKHARA generator the radiative corrections
for the reaction e+e− → π+π−γ will be completed, while
in the EKHARA generator the radiative correctionswill be
included for the first time. Both works are well advanced.
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